INTRODUCTION
The human Fanconi syndrome (FS) has been described as a physiopathological condition characterized by a defect in renal tubular reabsorption which leads to a generalized increase in organic solute and ion excretion and, ultimately, to permanent tubule dysfunction and nephrotoxicity [l] . FS physiopathology is extremely complex, since it may stem from both genetic and acquired causes. FS has 247 been related either to a disruption of the normal ontogenic development of kidney functions [2] or to a variety of potential toxic compounds which may interact somehow with the tubular reabsorption mechanisms [l, 3, 41 . The biochemical and molecular bases of such a general dysfunction of kidney physiology are not well understood. Different experimental models that lead to FS have been used in an attempt to determine the molecular origin of this metabolic disease [l] . The Basenji dog is one of the models that has been used to study this physiopathological alteration. These dogs develop FS spontaneously, which suggests genetic causes. Recent reports [5, 61 suggest that FS in Basenji dogs is probably due to a constitutive alteration in the brush border membrane lipid composition which results in altered activity of plasma membrane transporters. Another model extensively reported in the literature is maleic-acid-induced FS [l] , which can be easily studied in small experimental animals such as rodents, and results in a urinary excretion pattern that closely resembles that found in most cases of FS.
The evidence that maleic acid administration results in the inhibition of amino acid transport in rat kidney is not new [7] . However, the ultimate biochemical causes of such a dysfunction are not well understood. It has been reported that the effects are located essentially in the proximal tubular and distal nephron sites [S, 91, and that this may somehow be related to selective protein phosphorylation [lo] . Maleic acid may also alter membrane permeabilities [ll] , perhaps related, as for the Basenji dogs, to a different composition of membrane lipids. However, tubular reabsorption relies essentially upon the ability to generate a downhill Na+-transmembrane gradient, and it depends on Na+,K+-ATPase function. So far, no direct analysis has been conducted to determine whether Na+,K+-ATPase activity and expression is altered in this animal model of FS, although FS has been related to a lower activity of the sodium pump at the proximal convoluted tubule [12, 131. However, Na+,K+-ATPase activity in renal cells is under complex regulation by post-translational mechanisms, which have recently been reviewed [14, 151 . Thus, it is not clear to what extent potential alterations in the sodium pump function are related to altered expression of the corresponding proteins. In the present study we have analysed the levels of expression and activity of the sodium pump in an experimental model of FS which was induced in rats by the administration of maleic acid. We have also monitored the activity of Na+-coupled solute uptake in brush-border membrane vesicles (BBMVs) from kidney cortex. The results support previous observations showing a decrease in Na+-coupled solute transport in BBMVs from maleic-acid-treated rat kidneys. They also demonstrate that the activity of the sodium pump is downregulated by a mechanism which probably relies upon a decrease in, at least, a1 protein and mRNA levels. However, this effect may not be specific to the Na+,K+-ATPase, because other proteins, such as the stress protein Hsp60, are also downregulated in this experimental model of FS.
MATERIALS AND METHODS

Experimental model of FS by maleic acid administration
Male Wistar rats of approximately 250 g body weight were used. To generate FS, rats were injected intraperitoneally with maleate (1 mmol/kg body weight) using a 1 mol/l solution of the acid adjusted to pH 7.0 before administration. Control animals were injected intraperitoneally with a similar volume of saline. Animals were killed by decapitation routinely 6 h after maleate injection, and kidneys and liver were immediately excised and used for the determinations indicated below.
To test whether kidney function was altered after maleate administration, urine was directly sampled from the bladder and the presence of glucose in urine was determined (InterGlucosa; Carulla Vekar, Madrid, Spain).
Measurement of Na+,K+-ATPase activity in kidney cortex
Cortices were dissected from kidneys and immediately homogenized, using a Polytron, in 10 mmol/l Tris-HC1 buffer, pH 7.4 (100 mg of fresh weight per ml of buffer). Na+,K+-ATPase activity was measured in these samples as described previously 1161, which takes advantage of the phosphatase activity of the pump when using p-nitrophenolphosphate as substrate. Routinely, 5 p1 of homogenate was preincubated for 30 min in 0.5 ml of a buffer consisting of 50 mmol/l Tris base, 10 mmol/l MgS04.7Hz0, 5 mmol/l EDTA and 90 mmol/l KCl (~H 7 . 6 )~ either in the presence or absence of 1 mmol/l ouabain, a specific inhibitor of Na+,K+-ATPase. This concentration of ouabain is enough to fully inhibit Na+,K+-ATPase activity in rat kidney.
The enzyme reaction was started by adding 0.5 ml of a solution of 12 mmol/l p-nitrophenolphosphate made in the same incubation buffer. After 30min incubation (linear velocity conditions) the reaction was stopped by adding 0.2 ml of 30% trichloroacetic acid. The tubes were centrifuged in a microfuge and the supernatants were neutralized by adding 2 ml of 1 mol/l Tris base. p-Nitrophenol produced by the phosphatase activity of the samples was then measured spectrophotometrically (410 nm wavelength). Na+,K+-ATPase activity was assumed to correspond to the ouabain-sensitive fraction of the phosphatase activity measured.
a1 subunit Na+,K+-ATPase protein
The amounts of the a1 subunit protein of the sodium pump were determined by Western blotting using an crl-specific polyclonal antibody (UBI, Lake Placid, NY, U.S.A.). Although a few reports suggested the presence of the a 2 and a3 isoforms in kidney cells , the a1 isoform is apparently the only one that is expressed at high levels in kidney and the one responsible for most of the Na+ reabsorption and Na+-dependent solute uptake in renal tubular cells.
Kidney cortex homogenates were centrifuged for 20 min at 10 000 g. The pellets were solubilized and resuspended in 0.5% Triton-X100. These crude membrane extracts were analysed for protein concentration according to the method of Bradford [20] and aliquots (15-20 pg of protein), supplemented with p-mercaptoethanol (5% final concentration), were run on a 0.1% SDS-10% polyacrylamide gel. Proteins were transferred onto hydrophobic filters (Immobilon-P; Millipore, Bedford, MA, U.S.A.), blocked in 5% powder milk and 0.2% Tween-PBS and immediately used for immunoreaction. For comparison, the samples were also analysed for hsp60 expression. The protocol for Western blotting was essentially the same and the antibodies used were purchased from Stressgen Biotechnologies Corp. (Bioquote Ltd, North Yorkshire, U.K.). Both a1 and hsp60 antibodies were routinely used at a dilution of W O O in 0.2% Tween-PBS supplemented with 5% powder milk. Goat anti-rabbit IgG conjugated with horseradish peroxidase was used as secondary antibody at a dilution of 1/1000. Blots were routinely developed using enhanced chemiluminescence (Amersham, Bucks, U.K.) and quantified by densitometry scanning of the spots using the Bioimage software from Millipore.
a1 subunit Na+,K+-ATPase mRNA Total RNA was extracted from kidney cortex using the guanidine thiocyanate method [21] . Twenty micrograms of total RNA was then separated on a l % agarose gel under denaturing conditions, transferred overnight onto nylon membranes (Hybond N, Amersham, U.K.) in 20 x SSC (3 mol/l NaCl, 300 mmol/l sodium citrate, p H 7.0) and crosslinked under UV light. The blot was prehybridized for 6 h at 42°C in 45% formamide, 10% dextran sulphate, 1 x Denhardt's solution (1 g/l BSA, 1 g/ 1 polyvinylpyrrolidone 40, 1 g/l Ficoll), 4 x SSC, 100 mmol/l sodium phosphate buffer (pH 7.0), 0.1% sodium pyrophosphate, 0.1 mg/ml sonicated salmonsperm DNA and 0.1% SDS. Blots were hybridized for 24 h at 42°C in the same solution with the [32P]dCTP-labelled 011 subunit cDNA probe (lo6 c.p.m./ml). Filters were washed twice for 20 min at 55°C in 1 x SSC and 0.1% SDS, and twice in 0.2 x SSC and 1% SDS before autoradiography. The a1 subunit cDNA was a gift from Dr Robert Levenson (Yale University School of Medicine). Densitometric analyses of the Northern blots were performed by Biomage (Millipore Corporation) and normalized to the ethidium bromide staining of the ribosomal bands, which were also quantified using the same method.
Purification of BBMVs from kidney cortex
BBMVs were partially purified as described previously [22] , a method that is easy to perform, rapid and yields good enrichment of plasma membrane of the brush-border domain. Basically, kidney cortices were homogenized using a Polytron in 30 vol. (vol./ wt.) of a cold buffer which consisted of 50mmol/l mannitol, 5 mmol/l Hepes-Tris (pH 7.0). MgC12 was then added in powder to a final concentration of 10mmol/l. This was dissolved in the cold buffer by shaking the solution for 10min. The homogenate was centrifuged for 15 min at 2000g (Sorvall SA600 rotor). Supernatants were then centrifuged for 30 min at 20000g using the same rotor. The pellet was resuspended in the same volume of a buffer which consisted of 0.25 mol/l sucrose, 10 mmol/l Hepes, 0.2 mmol/l CaC12, pH 7.4. These samples were again centrifuged for 30 min at 20 OOOg and the pellets were resuspended in the same sucrose buffer (1 : 1, vol./vol.), aliquoted and frozen in liquid nitrogen. Samples were stored at -80°C until use, without significant loss of transport activities. The enrichment of the BBMV preparations was assessed by monitoring the alkaline phosphatase activity of homogenate and membrane preparations, as described previously [23] . Possible contamination by basolateral plasma membrane was determined by Western blotting, using the presence of the 011 subunit protein of the Na+,K+-ATPase as a basolateral marker.
Solute uptake into BBMVs from kidney cortex
Na+-coupled solute transport into BBMVs was monitored using a rapid filtration method, as reported previously [24] . Twenty microlitres of BBMVs (140 pg of protein) was mixed with 20 p1 of uptake medium, which consisted of 0.25 mol/l sucrose, 0.2 mmol/l CaC12, 20 ,umol/l MgC12, 10 mmol/l Hepes, pH 7.5, 250 mmol/l either NaSCN or KSCN, and the desired substrate, either 0.2 mmol/l ~-[2,3-~H]alanine or 5 mmol/l ~-[ U -l~c ] -glucose. The incubation was stopped, at the indicated times, by adding 1 ml of cold stop buffer (0.25 mol/l sucrose, 100 mmol/l NaCl, 0.2 mmol/l CaC12, 10 mmol/l Hepes, pH 7.5). The total volume was filtered through nitrocellulose filters (0.45 pm pore size) (Schleicher and Schuell, Germany), and the filters were washed in 4 ml of the ice-cold buffer and later counted for radioactivity. Aliquots of the BBMV preparations were also used to measure the protein content according to the method of Bradford [20] . To monitor the osmotic sensitivity of the BBMVs from either saline-or maleate-injected rats, the preparations were incubated at different medium osmolarities with 0.2 mmol/l ~-[2,3-~H]alanine for 30min, when the equilibrium had been reached and the amount of radiolabelled substrate retained inside the vesicles was a function of the extracellular substrate concentration and vesicle volume.
RESULTS
Na+,K+-ATPase activity in kidney cortex from rats with maleic-acid-induced FS
In a preliminary set of experiments a time-course analysis of the putative effects of maleate on Na+,K+-ATPase activity was performed. Kidney dysfunction and diminished sodium pump activity were evident 6 h after maleate injection. This status remained stable or even recovered to basal conditions 12-16 h after maleate injection. Thus, 6 h was the time point used thereafter. Na+,K+-ATPase activity in kidney cortex from saline-and maleatetreated rats is shown in Table 1 . The activity of the sodium pump was lower in maleate-treated animals The amount of a1 subunit protein in kidney cortex and liver was monitored in rats that had been injected with maleate, and compared with their respective controls (Fig. 1) Results are expressed as arbitrary units. Statistical differences induced by maleic acid treatment were assessed by Student's t-test (**P<O.Ol). C, control saline-injected rats: M, maleic acid-injected rats. in kidney cortex and no alteration in hsp60 protein expression was found in liver.
a1 subunit Na+,K+-ATPase mRNA in kidney cortex from rats with maleic-acid-induced FS
The amount of a1 subunit mRNA was determined using an isoform-specific cDNA probe. Results are shown in Fig. 2 . Maleate administration induced a marked decrease in the amounts of mRNA.
Characteristics of the renal BBMVs from kidney cortex of rats with maleic-acid-induced FS
Preparations of BBMVs were obtained from kidney cortex of either rats with maleic-acid-induced FS or their respective saline-injected controls. The homogenates and BBMV fractions were analysed for enrichment in the brush-border domain and contamination by the basolateral side of the plasma membrane. The results are shown in Fig. 3 . Maleate administration did not significantly modify alkaline phosphatase activity. However, mean enrichment of this enzyme marker in BBMVs was slightly lower in maleate-treated rats than in controls (approximately 10 compared with 13-fold enrichment). Contamination by membranes of basolateral origin was low as deduced from the low amounts of a1 subunit protein present in BBMVs from both experimental groups (Fig. 3) .
Na+-coupled solute uptake into BBMVs from rats with maleic acid-induced FS
Na+-coupled solute uptake into BBMVs from either maleate-treated or saline-injected rats was 1 monitored in either a NaSCN or a KSCN medium. Na+-dependent uptake was calculated by subtracting the amounts retained in the KSCN medium from the amounts of substrate retained in the NaSCN medium. Results are shown in Fig. 4 . Maleate administration significantly decreased the Na+-dependent uptake of alanine and glucose into BBMVs. Uptake values measured in a KSCN medium were not significantly modified by maleate administration (not shown). When this experiment was repeated in the presence of the Na+ ionophore monensin, the differences between groups in the Na+-coupled solute uptake into BBMVs remained constant, although, obviously, basal uptake rates were markedly low in monensin-treated vesicles (not shown).
In an attempt to determine whether BBMVs from both experimental groups showed similar physicochemical properties, we monitored the mean vesicular volume and the response of the BBMV preparations to hypertonicity. As shown in Fig. 5 , the BBMV preparations used in this study defined an osmotically sensitive space with low non-specific binding, as deduced from the intersection values of both lines with the ordinate axis, which corresponds to a theoretical infinite osmolarity. Non-specific binding was also similar in both types of BBMV preparation. Mean vesicular volume, however, was Results are meansf SEM of triplicate estimations made on four independent preparations obtained from each experimental condition (control and maleate-treated animals).
lower in preparations from saline-injected rats than in those from maleate-treated animals (235 compared with 440 nl/mg protein).
DISCUSSION
The pathogenesis of FS is heterogeneous and complex. FS may develop in humans after the voluntary or accidental administration of several xenobiotics, such as metals evidence that FS is the ultimate physiopathological consequence of an inherited metabolic disease [l] . Development of FS is also a collateral symptom in well-documented inherited alterations such as tyrosinaemia or cystinosis [l, 25, 261 . Cystinosis is an autosomal recessive disorder characterized by an impairment in the lysosomal transport of cystine. Indeed, cystine loading imposed on rats induces FS, which may be partially related to an impaired energy metabolism of kidney tubular cells [26] . Unfortunately, there are no good animal models of FS. Although Basenji dogs develop FS spontaneously, this condition can be induced in other animal models, such as the rat, which are easier to handle. Such induction can be caused by a variety of compounds such as isofosfamide, succinylacetone, 4-pentenoate and maleate. In this study we have used one of the models extensively reported in previous literature, maleate-treated adult rats. Maleic acid inhibits amino acid transport in rat kidney cortex slices [7] , enhances membrane permeability thus facilitating substrate efflux [ll] and induces a generalized renal reabsorptive dysfunction [8, 91 characterized by a leakage in late proximal tubule sections [9] and stimulation of glutamine metabolism [27] , probably related to impaired mitochondria1 NADH production and an unbalanced concentration of mitochondrial glutamate. The effects of maleate seem somehow related to the developmental stage of the kidney functions, since the drug does not induce any significant alteration in sugar or amino acid uptake by newborn rat renal tubules [2] . Membrane fluidity also appears to be altered in succinylacetone-treated rats [28] , without significant changes in the normal morphology of glomeruli or proximal tubule regions [26] . Altered membrane permeability, essentially related to an increase in the cholesterol content and cholesterol/phospholipid molar ratio, has also been suggested as a major cause of impaired transport system functions in Basenji dogs with spontaneous idiopathic FS [5, 61. In this context, our results showing low Na+-coupled organic solute transport into BBMVs from maleic-acid-treated rats is in accordance with previous observations using different models [5, 6, 281, although others [lo] reported unaltered Na+-dependent transport of a variety of amino acids in dogs treated with either 4-pentenoate or maleate. The evidence that, in the presence of monensin, the transport impairment is still evident in BBMVs from maleic-acid-treated rats suggests that altered permeability for Na+ is not the cause of the differences in uptake values, in accordance with what has been reported in the Basenji dog model [5] . Differences in BBMV apparent volumes reported in this study may be explained by the reported alterations in membrane composition which may lead to different physico-chemical properties and behaviour of the membranes.
The ultimate molecular events involved in the renal reabsorption dysfunction in animals with FS have not been fully elucidated, although, as discussed above, the alterations may be the direct consequence of altered membrane fluidity and composition, which may alter the thermotropic transition temperature and the conformation and function of many carrier proteins at a time. The results presented in this contribution suggest, however, that there must be other complementary causes of FS appearance in maleic-acid-treated rats. This study shows that the decrease in sodium pump activity is probably a stable effect which is related to a low amount of CII subunit protein, partially due to a generalized decrease in kidney cortex protein content. The evidence that hsp60 protein is also affected by maleic acid treatment supports the view that the effects triggered by maleate are not fully specific to Na+,K+-ATPase activity and expression. Na+,K+-ATPase activity and Na+-coupled solute uptake in livers from maleic-acid-treated rats have not been determined in the present work. Nevertheless, the finding that neither the sodium pump a1 subunit protein nor the hsp60 protein show altered levels in livers from rats developing FS supports the view that the liver is less sensitive than the kidney to maleic acid treatment.
The concept of permanent effects triggered by maleic acid treatment on Na+,K+-ATPase activity and expression is also supported by the low amounts of the a1 subunit mRNA. In accordance with the view that maleic acid may induce changes other than alterations in membrane lipid composition, there is the recent finding that in dogs treated with either 4-pentenoate or maleic acid there is a specific increased phosphorylation of proteins, suggested to play a role in the cellular events leading to FS [lo] . These changes in protein phosphorylation were probably due to protein kinase rather than phosphatase activities. Although renal Na+,K+-ATPase is under complex post-translational regulation which may involve phosphorylation of the catalytic subunit [14, 151, these results [lo] , as well as the present observations reporting a close relationship between changes in sodium pump activity and amounts of CII subunit protein, suggest that, in maleic-acid-treated animals, alterations in the Na+,K+-ATPase activity are more likely to be related to changes in protein turnover.
In summary, this study shows that, in maleic-acidtreated rats, besides a probable alteration in membrane permeability and Na+-coupled solute transport, there is a permanent effect on Na+,K+-ATPase activity and expression. The combined effect of altered sodium pump performance, decreased concentrative transport system activity and, as reported by others, altered energy metabolism, would lead to a generalized impairment of renal reabsorption functions.
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